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APPARATUS AND METHOD FOR SYNCHRONIZATION IN A 
MULTIPLE-CARRIER COMMUNICATION SYSTEM BY OBSERVING A 
PLURALITY OF SYNCHRONIZATION INDICATORS 

RELATED PATENT APPLICATIONS 

This patent application claims the benefit of U.S. Provisional Application 
No. 60/140,465, filed on June 23, 1999 and entitled "An OFDM Frequency 
Synchronization Lock Detection Method." 

This patent application is related to U.S. patent applications entitled 
"Apparatus and Method for Synchronization in a Multiple-Carrier Communication 

System By Observing Energy Within a Guard Band" Serial number 

(Attorney Docket No. 1999-0336A (STG181)), "Apparatus and Method for 
Synchronization in a Multiple-Carrier Communication System By Observing a 
Phase-Frequency Relationship of a Plurality of Pilot Signals", Serial number 

(Attorney Docket No. 1999-0336A (STG182)), "Methods and 

Apparatus for Use in Obtaining Frequency Synchronization in an OFDM 

Communication System (1)", Serial number (Attorney Docket No. 

1999-0337 (STG163)), and "Methods and Apparatus for Use in Obtaining 
Frequency Synchronization in an OFDM Communication System (2)", Serial 

number (Attorney Docket No. 1999-0338 (STG164)); all filed 

concurrently with this application. All related patent applications are incorporated 
by reference herein. 

BACKGROUND OF THE INVENTION 

The invention relates in general to communication systems and more 
specifically to synchronization in a multiple-carrier communication system. 

Due to advantages over other modulation techniques, communication 
systems utilizing multiple-carrier signals are currently being implemented for a 
variety of applications. Communication systems using Orthogonal Frequency 
Division Multiplexing (OFDM) techniques are gaining acceptance for applications 
such as broadcast television, mobile wireless and fixed wireless, including 
wireless local loop (WLL) applications. OFDM modulation techniques provide 
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high data rate transmission over hostile channels with a system having a relatively 
low complexity. A typical wireless transmission channel subjects a transmitted 
signal to multi-path dispersion, resulting in numerous versions of the signal 
arriving at the receiver at different times. The transmitted signal is reflected and 
refracted through multiple transmission paths having different characteristics. The 
resulting interference between the versions of the signal causes inter-symbol 
interference (ISI) of the transmitted data. OFDM techniques typically employ a 
guard time between symbols to reduce ISI. Also, since OFDM utilizes multiple- 
carrier signals transmitted through the transmission channel, frequency-selective 
fading impacts a smaller portion of the transmitted data than is the case with 
single-carrier systems. OFDM techniques simplify the complexity of multiple- 
carrier receivers by using a rectangular-shaped sub-carrier for generating the 
multiple-carrier signals. 

The performance in an OFDM system, however, is highly correlated to the 
synchronization between the transmitter and receiver. Small errors in frequency or 
timing can greatly reduce the performance of the system. Many conventional 
synchronization techniques are Umited in that the received data must be 
demodulated and analyzed in order to correct for synchronization errors and as a 
result require significant overhead of time and processing power. 

SUMMARY OF THE INVENTION 

In an exemplary embodiment of the invention, a loss of synchronization 
between a receiver and a transmitter is detected by observing a plurality of 
synchronization indicators produced by a plurality of loss of synchronization 
detectors which may include a guard band energy indicator, a timing error 
indicator and a phase-frequency slope indicator. Although various contention 
mechanisms may be used with the invention, a voting scheme is utilized in the 
exemplary embodiment that requires two or more indicators to detect a loss of 
synchronization for a determination that a loss of synchronization has occurred. 

A phase detector is used to determine phase error or frequency error 
between successive waveforms. A relationship between the frequency and the 
phase of a plurality of pilot signals is examined to determine if the waveform 
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timing error exceeds a timing error threshold a number of times within a given 
time interval. The ratio of the guard band energy determines a frequency error. At 
least two pilot signals are transmitted adjacent to guard bands where one pilot is 
transmitted immediately below a guard band and another is transmitted 
5 immediately above another guard band. Deviations in synchronization between the 
transmitter and the receiver result in at least some of the energy of one of the pilot 
signals being received within one of the guard bands. By observing the energy 
within the guard bands, a loss of synchronization between the receiver and the 
transmitter can be detected. Resources reserved for synchronization are employed 
10 to regain synchronization after a loss of synchronization is detected. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is block diagram of a communication system in accordance with an 
exemplary embodiment of the invention. 
15 FIG. 2 is a graphical representation of a frequency spectrum including 

transmitted signals in a synchronous state in accordance with the present 
invention. 

FIG. 3 is a graphical representation illustrating the timing error between a 
waveform and the sampling clock at the receiver, 
20 FIG. 4 is a graphical representation of relationship between the pilot 

frequency and the pilot phase in accordance with the exemplary embodiment of 
the invention. 

FIG. 5 is a graphical representation of the frequency spectrum as received 
by the receiver when the receiver and the transmitter are synchronized. 
25 FIG. 6 is a graphical representation of the frequency spectrum when a 

synchronization error results in a negative frequency shift. 

FIG. 7 is a graphical representation of the frequency spectrum when a 
synchronization error results in a positive frequency shift. 

FIG. 8 is flow chart of method of detecting a loss of synchronization in 
30 accordance with the exemplary embodiment of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. 1 is a block diagram of a communication system 100 in accordance 
with the exemplary embodiment of the invention. In the exemplary embodiment, 
the communication system 100 is a fixed wireless communication system 
5 providing communication services to a subscriber premise. A transmitter 102 

transmits signals in accordance with Orthogonal Frequency Division Multiplexing 
(OFDM) techniques to a receiver 106 through a wireless channel 104. Those 
skilled in the art will recognize the various other types of communication 
techniques and systems that can be utilized in accordance with the present 
10 invention. Further, in the interest of brevity, one-way communication is discussed 
and those skilled in the art will readily apply the techniques disclosed herein to 
«- either downstream or upstream communication and to systems utilizing one-way 

'8 or two-way communication links. 

; fj In addition to other circuitry known in the art, the receiver 106 includes at 

!f: 15 least a demodulator 108, a controller 110 and an energy detector 1 12. In the 

H; exemplary embodiment, the receiver 106 also includes at least a timing detector 

5 T " 114 and a phase detector 116. Although the receiver 106 components are 

y represented by individual functional blocks, those skilled in the art will recognize 

H that the structure of the receiver 1 06 may be implemented with a variety of 

P§ 20 devices, circuits and integrated circuits. Further, circuits and other functional 

elements may be distributed over more than one functional block denoted in FIG. 
1 . For example, the energy detector 112 and the demodulator 108 may access the 
same Digital Signal Processing (DSP) circuitry in order to perform their respective 
functions. Also, a phase detector and phase locked loop (PLL) can be used to 
25 measure the phase differential magnitude between pilots within different time slots 
as well as to provide phase information used to determine the phase-frequency 
relationship of pilot signals transmitted within the same time slot. 

The controller 110 is any type of computer, microprocessor, processor, 
processor arrangement, or combination of processors that facilitates the overall 
30 functionality of the receiver 106 in addition to performing the functions described 
herein. In the exemplary embodiment, the controller 1 10 is adapted to run lines of 
code that direct the receiver 106 in receiving and demodulating the signals 
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transmitted from the transmitter 102, including execution of the loss of 
synchronization detection and synchronization processes. 

In the exemplary embodiment, the demodulator 108 includes radio 
frequency (RF) circuitry and analog-to-digital (A/D) conversion circuitry in 
5 addition to digital signal processing (DSP) circuitry for demodulating the OFDM 
signals. The demodulator 108 may be implemented using a digital circuit, such as 
an Application Specific Integrated Circuit (ASIC), that performs a Fast Fourier 
Transform (FFT) on the digitized time series and a DSP processor that performs 
arithmetical operations on the FFT output. The FFT output is an array of complex 
10 values often referred to as tones, which consist of in-phase (I) and quadrature (Q) 
components. 

The phase detector 116, energy detector 1 12 and timing detector 1 14, in 
conjunction with the controller 110, form a plurality of synchronization detectors 
118, 120, 122 in the exemplary embodiment. Each of the synchronization 
15 detectors (118, 120, 122) produces a synchronization indicator in accordance with 
the parameters measured by the particular synchronization detector (1 18, 120, 
122). 

An energy detector 112 and controller 110 form an energy guard band 
synchronization detector 118 that provides a guard band energy synchronization 

20 indicator based on the energy measured within a guard band. 

A phase-frequency slope synchronization detector 120 formed by the 
timing detector 1 14, phase detector 116, and the controller 110 provides a phase- 
frequency synchronization indicator based on the phase-to-frequency relationship 
of a plurality of received pilot signals where the pilot signals are transmitted at 

25 different frequencies. The phase offset of each received pilot signal is different for 
each pilot signal if the receiver 106 is not synchronized to the transmitter 102. As 
explained further below, the system 100 attempts to adjust the timing of the 
receiver 106 when a timing error is detected. In the exemplary embodiment, if the 
number of timing adjustments within a given time period exceeds a timing 

30 adjustment occurrence threshold (occurrence threshold), the timing error 

synchronization indicator indicates that a loss of synchronization has occurred. 



Gray Cary\SD\l 365560.1 
103567-156902 

DOCKET NO. 1999-0336 fSTG162) 



The phase detector 1 16 and the controller 112 form a phase differential 
magnitude synchronization detector (phase magnitude synchronization detector) 
122 that provides a phase differential magnitude synchronization indicator (phase 
magnitude synchronization indicator) based on the magnitude of the phase of a 
received pilot signal for different time slots. The phase differential magnitude 
synchronization detector 122, therefore, tracks the phase of pilot signals over time 
and indicates an error when the magnitude exceeds a phase threshold. Those 
skilled in the art will recognize that such a phase differential magnitude 
synchronization detector is subject to aliasing error if the frequency error exceeds 
one-half of the inverse of the time interval between timeslots. 

The energy detector 1 12 measures energy within a given frequency 
spectrum dictated by the controller 1 10 and may be implemented in a variety of 
ways. In the exemplary embodiment, the energy detector 1 12 is implemented in 
the DSP processor in accordance with known techniques. The energy detector 112 
sums the squares of the I and Q components of the signals contained within the 
frequency bandwidth associated with each guard band to determine the energy 
contained within the guard band. The guard band energy synchronization detector 
118 formed by the energy detector 1 12 and the controller 1 10 indicates a 
frequency error when energy within the guard bands is detected. As discussed 
below in reference to FIG. 6, when the receiver 106 and the transmitter 102 are 
synchronized, the pilot signals are within the transmission band. When a 
frequency error occurs, one of the pilot signals will be received within one of the 
guard bands, and the pilot signal energy leaking into the guard band will cause the 
output of the energy detector 1 12 to increase. The resulting guard band energy 
synchronization indicator produced by the guard band energy synchronization 
detector 1 18 indicates that a loss of synchronization has occurred when energy 
within the guard band measured by the energy detector 1 12 is higher than an 
energy threshold. In the exemplary embodiment, a ratio of the energies within two 
guard bands is compared to a threshold. 

The timing detector 1 14 indicates a time rate of change of a waveform 
timing error resulting from an offset between a received pilot signal waveform and 
a receive window. The receive window is dictated by a sampling clock derived 
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from the oscillator (not shown) on the receiver 106. When the sampling clock is 
not perfectly synchronized to the waveform timing, the timing error results as is 
discussed below in reference to FIG. 3. The phase of each received pilot signal is 
directly proportional to the timing error and the frequency of the particular pilot 
signal. Therefore, for any given timing offset, the phase offset will increase as the 
frequency of the pilot signal is increased. By transmitting several pilot signals 
having different frequencies, a linear plot of a phase versus frequency can be used 
to represent the phase-frequency relationship as discussed below in reference to 
FIG. 4. An example of a suitable implementation and method is discussed in U.S. 
Patent Number 5,799,000 entitled "Delay Compensation" issued August 25, 1998 
by Elliot Hoole. The receiver 106 receives uniformly spaced pilot signals through 
the demodulator 108. The pilot signals are digitized, sampled, passed through a 
Fast Fourier Transform (FFT) processor and stored in the FFT incremental 
frequency bins as complex numbers. The phase for each pilot signal is computed 
from each pilot complex value in the DSP processor using methods consistent 
with known techniques. Since the pilot phase dependence on pilot frequency is 
linear, the linear relationship may be calculated from measured data using well- 
known curve fitting techniques and linear regression algorithms. 

The phase differential magnitude indicator produced by the phase 
differential magnitude detector 122 indicates the phase difference of a pilot signal 
received in successive time intervals. The phase detector 116 may be implemented 
using any one of several techniques, including using a phase detector device and 
PLL to provide a phase error signal having a magnitude based on the change in 
phase of the received signal. In the exemplary embodiment, the phase detector 
device and PLL are implemented in the DSP processor and are used to compute a 
low-pass filtered value of the phase differential. The measured phase value for a 
current time slot is compared to phase values measured for a previous time slot to 
determine the phase differential magnitude that indicates whether the system is out 
of synchronization. 

By observing the three indicators, the controller 1 10 can accurately detect 
a loss of synchronization resulting in the implementation of a synchronization 
process that corrects for timing and frequency errors between the receiver 106 and 
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transmitter 102. Any one of several synchronization procedures can be used to 
synchronize the receiver to the transmitter 102 in response to the detection of a 
loss of synchronization. An example of a suitable synchronization method and 
apparatus is discussed in co-pending United States Patent Application serial 

5 number filed on and entitled "Methods And Apparatus 

For Use In Obtaining Frequency Synchronization In An OFDM Communication 
System". 

FIG. 2 is a graphical representation of a frequency spectrum 200 including 
transmitted signals 202 in accordance with the present invention. In the exemplary 

10 embodiment, the plurality of transmitted signals 202 are transmitted within a 

transmission band 210 and include at least a lower pilot signal 204, an upper pilot 
signal 206, and at least one data signal 208. In the exemplary embodiment, eight 
pilot signals 204, 205, 206 are transmitted in addition to a plurality of data signals 
208. The transmission band 210 is bounded by an upper guard band 212 and a 

15 lower guard band 2 14 in which no signals are intentionally transmitted. The lower 
pilot signal 204 is transmitted immediately above and adjacent to the lower guard 
band 214 while the upper pilot signal 206 is transmitted immediately below and 
adjacent to the upper guard band 212. In other embodiments, the transmitted 
signals 202 may include additional pilot signals 205. Each of the transmitted 

20 signals 202 is an orthogonal narrow band carrier and is transmitted using known 
techniques. 

FIG. 3 is a graphical representation illustrating the timing error 306 
between a waveform 304 and the sampling clock at the receiver 106. When the 
receiver clock differs from the transmitted signal frequency, the timing error 306 

25 occurs in the time domain as shown in FIG. 2. The time error is manifested as a 
linear relationship between the pilot frequencies and pilot signal phases. Since the 
time error is directly related to the slope of the phase ramp of FIG. 4, a horizontal 
phase ramp corresponds to zero time error; and a phase ramp with nonzero slope is 
directly proportional to the time error. In the exemplary embodiment, this slope is 

30 continually monitored by the DSP processor which readjusts the receiver time 
window 302 to obtain a zero slope phase ramp whenever the phase ramp slope 
exceeds a threshold. Excessive adjustment of the receiver time window 302 within 
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a specified period of time indicates a loss of frequency lock. Another example of a 
method of observing the phase-frequency relationship of the received pilot signals 
includes determining that a loss of synchronization has occurred if a threshold is 
exceeded. 

5 FIG. 4 is a graphical representation of relationship between the pilot 

frequency and the pilot phase. When a frequency offset occurs between the 
transmitter 102 and the receiver 106, the linear relationship between pilot 
frequencies and the pilot signal phases can be illustrated by the upward sloping 
line in FIG. 4. Each data point 404 along the line 402 corresponds to a pilot signal 
10 (204, 205, 206). Since the multiple pilots signals 204, 205, 206 are spaced in 

frequency, a synchronization error results in different phase values for each pilot 
signal (204, 205, 206). The slope of the line 402 corresponds to the timing error 
306. 

FIG, 5 is a graphical representation of the frequency spectrum 200 of 

15 received signals 502 corresponding to the transmitted signals 202 as received by 
the receiver 106 when the receiver 106 and the transmitter 102 are synchronized. 
In addition to the received data signals 508, the receiver 106 receives the lower 
pilot signal 504, the pilot signals 505 and the upper pilot signal 506. When the 
receiver 106 and the transmitter 102 are synchronized, the upper pilot signal 506 

20 and the lower pilot signal 504 are received within the transmission band 210. If 
the energy within the lower guard band 214 is represented by L and the energy 
representing the energy within the upper guard 212 band is represented by U, the 
ratio of the energies (U/L) is approximately equal to one. Therefore, the 
contribution of the energies from each of the pilot signals 504, 506 within the 

25 adjacent guard band 214, 212 is approximately the same when the transmitter 102 
and the receiver 1 06 are synchronized. 

FIG. 6 is a graphical representation of the frequency spectrum 600 when a 
synchronization error results in a negative frequency shift of the received signals 
502. The lower pilot signal 504 is received within the lower guard band 214 due to 

30 the frequency offset. Therefore, the energy detector 112 detects more energy in the 
lower guard band 214 than in the upper guard band 212, resulting in an energy 
ratio (U/L) less than one. If the energy ratio falls below a lower predetermined 
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threshold, the controller 110 indicates that an out-of-synchronization status has 
occurred. 

FIG. 7 is a graphical representation of the frequency spectrum 700 when a 
synchronization error results in a positive frequency shift of the received signals 
5 502. The upper pilot signal 506 is received within the upper guard band 212 due to 
the frequency offset. Therefore, the energy detector 112 detects more energy in the 
upper guard band 212 than in the lower guard band 214, resulting in an energy 
ratio (U/L) greater than one. If the energy ratio rises above a upper predetermined 
threshold, the controller 110 indicates that an out-of-synchronization status has 

10 occurred and the synchronization procedure is performed. 

FIG. 8 is a flow chart of a method of detecting a loss of synchronization in 
accordance with the exemplary embodiment of the invention. As described above, 
the exemplary embodiment utilizes three synchronization indicators to determine 
that a loss of synchronization between the transmitter 102 and the receiver 106 has 

15 occurred. A voting scheme is used to determine whether the receiver 1 06 is 

synchronized to the transmitter 102. If a majority of the synchronization indicators 
provide a loss of synchronization indication, the receiver 106 is determined to be 
out of synchronization with the transmitter 102. In other embodiments, each of the 
indicators discussed may be used independently or with other types of 

20 synchronization indicators in other arrangements and combinations. Further, the 
information from each indicator may be analyzed and combined in different ways 
and orders to determine whether a loss of synchronization situation has occurred. 

At step 802, the receiver 102 receives the transmitted spectrum 200 
including a plurality of pilot signals (204-208). In the exemplary embodiment, 

25 eight pilot signals 204, 205, 206 are transmitted in addition to data signals 208. 

At step 804, a waveform timing error is measured by observing the phase 
to frequency relationship of the plurality of pilot signals 204-206 transmitted from 
the transmitter 102. At least two pilot signals (204-206) are used for computing a 
phase ramp slope (phase-frequency relationship); and in the exemplary 

30 embodiment, the eight pilot signals 204-206 are transmitted and received for 
computing the phase ramp slope of a line defining the relationship between the 
frequency and phase of the pilot signals. As described above, the linear 
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relationship between phase and frequency may be calculated from measured data 
using well-known curve fitting techniques and linear regression algorithms. 

At step 806, it is determined whether the phase ramp slope is greater than a 
timing threshold. If the slope exceeds a given timing threshold, the timing of the 
5 receiver 106 is adjusted in accordance with the timing offset at step 808 and a 
counter is incremented in step 810. If the slope does not exceed the timing 
threshold, the procedure continues at step 816. 

At step 812 the number of timing adjustments performed in a specified 
time period is compared to an occurrence threshold. Since a timing adjustment is 
10 made when the phase ramp slope exceeds the timing threshold, the number of 
timing adjustments is the same as the number of times the slope of the phase 
frequency relationship exceeds the timing threshold. If the counter value exceeds 
the occurrence threshold within a specified time period in step 812, the phase- 
frequency synchronization detector 120 indicates a loss of synchronization at step 
15 814. Otherwise, the procedure continues at step 816. 

At step 816, the receiver 106 measures a phase difference between the 
current and previous instance of at least one pilot signal (202-206) received from 
the transmitter 102. 

At step 818, the phase error is compared to a phase error threshold to 
20 determine if, according to the phase detector 116, the receiver 106 has lost 

synchronization. If the phase error is greater than the phase error threshold, the 
phase detector 116 indicates that a loss of synchronization has occurred at step 
820. Otherwise, the receiver 106 determines that the phase detector 116 indicates 
that the receiver 106 is synchronized with the transmitter 102 and the procedure 
25 continues at step 822. 

At step 822, the energy within each of the guard bands (212, 214) is 
measured. As described above, the energy detector 112 sums the squares of the I 
and Q components of the signals contained within the frequency bandwidth 
associated with each guard band (212, 214) to determine the energy contained 
30 within the guard bands (212,214). 

At step 824, the ratio of the upper guard band 212 to the lower guard band 
214 (guard band energy ratio) is compared to a range. If the guard band energy 
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ratio is within the range, the energy guard band synchronization detector indicates 
that the receiver 106 is synchronized to transmitter 102. If the guard band energy 
ratio is outside the range, the procedure continues to step 826 where it is 
determined that the energy guard band indicator indicates a loss of 
5 synchronization. If the guard band energy ratio is within the range, the procedure 
continues at step 828. 

At step 828, it is determined whether the synchronization indicators 
collectively indicate a loss of synchronization. In the exemplary embodiment it is 
determined whether two or more indicators indicate that a loss of synchronization 

10 has occurred. Those skilled in the art will recognize the various other 

arrangements and techniques for implementing step 828. For example, a scheme 
may be used where only a unanimous indication of a loss of synchronization by 
the synchronization indicators denotes loss of synchronization. 

If a loss of synchronization has occurred, the procedure continues to step 

15 830 where a ^synchronization is performed. As described above, any one of 

several techniques may be used to synchronize the receiver 106 to the transmitter 
102. An example of a suitable method is described in co-pending United States 

Patent Application serial number filed on and entitled 

"Methods And Apparatus For Use In Obtaining Frequency Synchronization In An 

20 OFDM Communication System". After performing the synchronization, or if no 
synchronization is required, the procedure returns to step 802. 

Clearly, other embodiments and modifications of this invention will occur 
readily to those of ordinary skill in the art in view of these teachings. Therefore, 
this invention is to be limited only by following claims, which include all such 

25 embodiments and modifications when viewed in conjunction with the above 
specification and accompanying drawings. 

WHAT IS CLAIMED IS: 



Gray Cary\SD\ 1365560.1 
103567-156902 

DOCKET NO. 1999-0336 (STG162) 



13 



CLAIMS 

1 . A method of detecting a loss of synchronization between a transmitter 
and a receiver: 

evaluating a plurality of synchronization indicators to detect a loss 
5 of synchronization between a transmitter and a receiver in a wireless 
communication system. 

2. A method in accordance with claim I, wherein evaluating comprises: 

determining loss of synchronization when a majority of the 
10 plurality of synchronization indicators indicate the loss of synchronization. 

3. A method in accordance with claim 1, further comprising: 

producing each of the plurality of synchronization indicators by 
one of a plurality of synchronization detectors. 

15 

4. A method in accordance with claim 3, wherein producing comprises: 

producing a guard band energy synchronization indicator based on 
the energy measured within a guard band. 

20 5. A method in accordance with claim 3, wherein producing comprises: 

producing a phase magnitude differential synchronization indicator 
based on a difference in a first pilot signal phase of a pilot signal received in a first 
time slot and a second pilot signal phase of the pilot signal received in a second 
time slot. 

25 

6. A method in accordance with claim 3, wherein the producing comprises: 

producing a phase-frequency synchronization indicator based on a 
phase frequency relationship of a plurality of pilot signals having different 
frequencies. 

30 

7. A method in accordance with claim 3 ? wherein producing comprises: 
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producing a guard band energy synchronization indicator based on 
the energy measured within a guard band; 

producing a phase magnitude differential synchronization indicator 
based on a difference in a first pilot signal phase of a pilot signal received in a first 
5 time slot and a second pilot signal phase of the pilot signal received in a second 
time slot; and 

producing a phase-frequency synchronization indicator based on a 
phase-frequency relationship of a plurality of pilot signals having different 
frequencies, wherein evaluating comprises determining loss of synchronization if 
10 at least two of the plurality of synchronization indicators indicate the loss of 
synchronization has occurred. 

8. A method in accordance with claim 7 wherein producing the guard band 
energy synchronization indicator comprises: 

15 measuring an energy level of a pilot signal within the frequency 

guard band, wherein the pilot signal is transmitted adjacent to the frequency guard 
band; and 

detecting a loss of synchronization between the transmitter 
transmitting the pilot signal and the receiver in accordance with the energy level. 

20 

9. A method in accordance with claim 8, further comprising: 

determining loss of synchronization if the energy within the guard 
band is above a threshold. 

25 10. A method in accordance with claim 9, further comprising: 

measuring another energy level of another pilot signal within 
another frequency guard band, the another pilot signal transmitted adjacent to the 
another frequency guard band, wherein detecting loss of synchronization 
comprises comparing a threshold to a ratio of the energy level with respect to the 

30 another energy level. 



GrayCary\SD\I365560.1 
103567-156902 

DOCKET NO. 1999-0336 (STG162) 



15 

1 1. A method in accordance with claim 10, wherein comparing the ratio 
comprises: 

detecting loss of synchronization if the ratio is outside a range. 

5 12. A method in accordance with claim 7, wherein the producing a phase- 

frequency synchronization indicator comprises: 

detecting loss of synchronization based on a slope of a line defined 
by a relationship between the frequency and the phase of the plurality of pilot 
signals. 

0 

13. A method in accordance with claim 12, wherein detecting the loss of 
synchronization comprises detecting loss of synchronization based on a number of 
slope-exceeding occurrences within a time period. 



15 14. A method in accordance with claim 13, wherein detecting further 

comprises counting the number of slope-exceeding occurrences by counting a 
number of observed values greater than the timing threshold of the slope of the 
line defined by the relationship between the frequency and the phase of the 
plurality of pilot signals. 

20 

15. A receiver adapted to detect a loss of synchronization between the 
receiver and a transmitter comprising: 

a plurality of synchronization detectors adapted to detect a loss of 
synchronization between a transmitter and the receiver, each of the plurality of 
25 synchronization detectors producing a synchronization indicator to provide a 
plurality of synchronization indicators; and 

a controller adapted to evaluate the plurality of synchronization 
indicators to establish the loss of synchronization between the transmitter and the 
receiver. 

30 
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16. A receiver in accordance with claim 15, wherein the controller is 
further adapted to determine loss of synchronization if a majority of the plurality 
of synchronization indicators indicate loss of synchronization. 



5 1 7. A receiver in accordance with claim 15, wherein the plurality of 

synchronization detectors comprise: 

a guard band energy synchronization detector adapted to produce a 
guard band energy synchronization indicator based on energy measured within a 
guard band; 

10 a phase magnitude differential synchronization detector adapted to 

produce a phase magnitude differential synchronization indicator based on the 
difference in a first pilot signal phase of a pilot signal received in a first time slot 
and a second pilot signal phase of the pilot signal received in a second time slot; 
and 

15 a phase- frequency synchronization detector adapted to produce a 

phase-frequency synchronization indicator based on a phase frequency 
relationship of a plurality of pilot signals having different frequencies, wherein the 
evaluating comprises determining loss of synchronization if at least two of the 
plurality of synchronization indicators indicate the loss of synchronization has 

20 occurred. 



18, A receiver in accordance with claim 17 wherein the guard band energy 
synchronization detector is further adapted to: 

measure an energy level of a pilot signal within the frequency 
25 guard band, wherein the pilot signal is transmitted adjacent to the frequency guard 
band; and 

detect the loss of synchronization between the transmitter 
transmitting the pilot signal and the receiver in accordance with the energy level, 

30 1 9. A receiver in accordance with claim 1 8, wherein the guard band energy 

synchronization detector is further adapted to produce the guard band energy 
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synchronization indicator indicating loss of synchronization if the energy within 
the guard band is above a threshold. 

20. A receiver in accordance with claim 19, wherein the guard band energy 
5 synchronization detector is further adapted to measure another energy level of 

another pilot signal within another frequency guard band, the another pilot signal 
transmitted adjacent to the another frequency guard band, wherein the guard band 
synchronization indicator indicates the loss of synchronization based on a 
comparison between a threshold and a ratio of the energy level to the another 
10 energy leveL 

21 . A receiver in accordance with claim 20, wherein the guard band 
synchronization indicator indicates the loss of synchronization if the ratio is 
outside a range. 

22. A receiver in accordance with claim 17, wherein the phase- frequency 
synchronization detector is adapted to detect loss of synchronization based on a 
slope of a line defined by a relationship between the frequency and the phase of 
the plurality of pilot signals. 

23. A receiver in accordance with claim 22, wherein the phase-frequency 
synchronization detector is further adapted to detect loss of synchronization based 
on a number of slope-exceeding occurrences within a time period. 

25 24. A method in accordance with claim 23, wherein the phase-frequency 

synchronization detector is further adapted to count the number of slope- 
exceeding occurrences by counting a number of observed values greater than the 
timing threshold of the slope of the line defined by the relationship between the 
frequency and the phase of the plurality of pilot signals. 

30 
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APPARATUS AND METHOD FOR SYNCHRONIZATION IN A 
MULTIPLE-CARRIER COMMUNICATION SYSTEM BY OBSERVING A 
PLURALITY OF SYNCHRONIZATION INDICATORS 

5 ABSTRACT OF THE INVENTION 

A method, apparatus and system detects a loss of synchronization between 
a transmitter and a receiver in a multiple-carrier communication system such as an 
OFDM system. A plurality of synchronization indicators are observed to 

10 determine whether a loss of synchronization between a transmitter and a receiver 
in the wireless system has occurred. In one embodiment, the receiver is 
determined to have lost synchronization with the transmitter if two or more of the 
three synchronization indicators indicate a loss of synchronization. In such an 
embodiment, the three synchronization indicators include a timing error indicator, 

15 an energy guard band indicator and a phase-frequency slope indicator. 
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PATENT AND TRADEMARK OFFICE 

Declaration and Power of Attorney 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name. 

I believe I am an original, first and joint inventor of the subject matter which is claimed 
and for which a patent is sought on the invention entitled APPARATUS AND METHOD FOR 
SYNCHRONIZATION IN A MULTIPLE-CARRIER COMMUNICATION SYSTEM BY 
OBSERVING A PLURALITY OF SYNCHRONIZATION INDICATORS, the specification 
of which is attached hereto. 

I hereby state that I have reviewed and understand the contents of the above identified 
specification, including the claims, as amended by an amendment, if any, specifically referred to 
in this oath or declaration. 

I acknowledge the duty to disclose all information known to me which is material to 
patentability as defined in Title 37, Code of Federal Regulations, 1.56. 

I hereby claim foreign priority benefits under Title 35, United States Code, 1 19(a-d) pr 
365(a-b) of PCT or foreign application(s) for patent or inventors' certificate listed below or 
priority benefits under 1 19(e) of any United States provisional application(s) listed below and 
have also identified below any foreign application for patent or inventors' certificate having a 
filing date before that of the application on which priority is claimed: 

U.S. Provisional Application Serial No. 60/140,465 .filed June 23, 1999 

I hereby claim the benefit under Title 35, United States Code, 120 of any United States 
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information known to us to be material to patentability as defined in Title 37, Code of Federal 
Regulations, 1.56 which became available between the filing date of the prior application and the 
national or PCT international filing date of this application: 

[ None ] 

I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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and to transact all business in the Patent and Trademark Office connected therewith: 
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Thomas M. Isaacson 
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Reg. No. 33,444 
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James P. Cleary 
Travis L. Dodd 
Charles D. Gavrilovich, Jr. 
Gerald W. Maliszewski 
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Reg. No. 45,843 
Reg. No. 42,491 
Reg. No. 41,031 
Reg. No. 38,054 
Reg. No. 30,298 



John J. Oskorep Reg. No. 41,234 

Steven R. Sprinkle Reg. No. 40,825 

Mark M. Takahashi Reg. No. 38,63 1 

Barry N. Young Reg. No. 38,631 



Please address all correspondence to Mr. S. H. Dworetsky, AT&T Corp., P.O. Box 41 10, 
Middletown, New Jersey 07748-41 10. Telephone calls should be make to Samuel H. Dworetsky 
at 908-221-5234. The facsimile number is 732-368-6932. 



Full name of 1 st joint inventor: JARI M. HEINONEN 

Inventor's signature Date 

Residence: 2319 1 st Avenue, Apartment #604 
Seattle, Washington 98121 

Citizenship : Finland 

Post Office Address: 2319 1 st Avenue, Apartment #604 
Seattle, Washington 98121 



Gray Cary\SD\l 369269.1 
103567-156902 



3 



Atty. Docket No. 1999-036 (STG162) 



Full name of 2 nd joint inventor: MICHAEL R. HIRANO 

Inventor's signature Date 

Residence: 9309 138 th Court NE 

Redmond, Washington 98052 

Citizenship: U.S. 

Post Office Address: 9309 138 th Court NE 

Redmond, Washington 98052 



Full name of 3 r joint inventor: 

Inventor's signature Date 

Residence: 

Citizenship: 

Post Office Address: 



GrayCary\SD\1369269.1 
103567-156902 



